This paper presents the results of a study to evaluate the feasibility of deploying fuel cells in hydrocarbon producing facilities. For the majority of hydrocarbon production facilities, electric power is generated on-site, most often, by the combustion of some of the produced hydrocarbons. To optimize its performance, Shell is continuously looking at applying new technologies, which can increase the availability of her production facilities and/or reduced lifecycle costs and/or improve safety and environmental performance. Shell has identified fuel cell technology as being capable of delivering some of these benefits because of its potential to achieve high availability, reliability and fuel efficiency when compared to conventional technologies. An inventory has been made of the specific design specifications and the state-of-the-art of commercially available fuel cell systems. Most of the required capacities fall in the range of 1kW to 1 MW, which is compatible with state of the art fuel cell developments or it can be achieved in the near future. A software-screening tool has been constructed to evaluate the various options with respect to conventional technologies. The specific design specifications can vary from production site to site, but in general availability and low maintenance are two of the main criteria to be considered and most favorable for fuel cells. Depending on the specific requirements for a particular hydrocarbon production facility a polymer fuel cell, MCFC or SOFC system are considered suitable alternatives to conventional technology. The screening tool has been applied and evaluated in a case study of one of the unmanned production facilities of Shell. A 20 kW SOFC system was found to score higher than a commercially available gas engine of 25 kW on eight of the most important of several criteria. However, SOFC system lifecycle costs are still 15 to 20% higher due to the development costs needed for this 'prototype' SOFC system to make it suitable for use in hydrocarbon producing facility. When applied in more surface production facilities the SOFC system also becomes costs competitive with conventional technologies.
INTRODUCTION
The oil and gas demands of modern society are increasing globally. To meet this increasing demand, more and more reservoirs have to be economically produced in increasingly challenging environments. Shell has production facilities all over the world producing oil and gas to meet this demand. The location of these facilities are determined by the accumulations of hydrocarbons that are discovered and are therefore found in all variety of environments including, desert, swamp, jungle, tundra, offshore and subsea. In the processing and transportation of oil and gas, these facilities need electrical power to supply large pumps, compressors, valves, control systems, auxiliary equipment and facilities for the crew. Owing to the isolated locations of the facilities, electrical power or an electrical power grid is often not available and instead it is generated locally at the facilities themselves, often by combustion of the hydrocarbons that are produced. Shell is continually looking to optimize its performance through the application of new technologies, which can increase oil and gas production availability and/or reduce lifecycle costs and/or improve safety and environmental performance.
In this regard, Shell is investigating novel fuel cell technologies and their potential for application in oil and gas production. This led to the following problem definition: Can fuel cells be economically applied in the production of hydrocarbons to increase performance, production availability, reduce lifecycle costs and improve safety, integrity and reduce the impact on environment 
INVENTORY OF POSSIBLE APPLICATIONS FOR FUEL CELLS IN SURFACE FACILITIES.
In order to be able to determine where fuel cells could be applicable within the surface facilities of hydrocarbon production, one needs to know what power sources are currently used and where.
In order to establish as many applications as possible for fuel cells in the widest sense a brainstorm session was held with engineers with various background, discipline and experiences. This brainstorm session not only produced a wide scope of applications but also identified the criteria that the power supplies have to fulfill. During the brainstorm session the participants were to think "out of the box" for all applications, -relevant to Shell or not-and all possible criteria that could affect the fuel cell in any way.
The following application groups were identified: Main production facilities: the main production facilities of an oil field have their own power supply and usually produce between 10 and 20 MW. The power is commonly generated by large gas turbines that run on natural gas, which is usually present in an oil field.
Unmanned production facilities: not all fields have just one large reservoir on one location. It can occur that smaller reservoirs are located some kilometres from the main reservoir. These smaller reservoirs, called satellite fields, can be exploited with satellite production facilities. These satellite production facilities may or may not include pumps and compressors for field pressure boosting and other high power demanding equipment. Thus power supplies between a few kW and several hundred kW are required. This electric power is presently provided on site by gas or diesel engine driven generators or provided from the main facilities through cables.
Remote wellheads: smaller satellite wellhead facilities that require low power for monitoring and control can be provided with power by pulling a cable from the main facilities as well. For these remote wellheads some hundreds of W is needed. More powerful operations such as valve control are often done with pneumatic instrumentation. Communication equipment requires a few W only and can be powered with solar panels. We categorize this as wellhead power supply.
Subsea: subsea facilities are powered by umbilicals currently. Umbilicals are large cables that contain power cables as well as data cables and sometimes small tubings for chemicals. These subsea wellheads can consume between 100 kW and several MW. As yet no feasible way has been found to produce power on site at the sea bottom.
Back up power: If the main power production fails, back up power will be provided for a proper shut down. For back up power a large battery stack is very common, but diesel engines are often used as well. These back up systems have to have a near 100% reliability for the short period of time that they are called into service.
Local instrumentation: there are production facilities that use obsolete (pneumatic equipment for monitoring and measuring values of importance for production control. Small sensors and transmitting equipment can offer a solution for this problem. To power these sensors batteries are required that can produce a very small current for several years. This power is provided by rechargeable batteries , such as Li-ion either with or without solar energy for recharging.
To deploy fuel cell technology in any of these application groups, several criteria have to be taken into account and these include power output level, availability, emissions, efficiency, maintenance, size, weight, etc. Power supply availability and reliability is however very critical, since whenever power supplies fail, the production is shut down which implies high costs to Shell. Fuel cells could offer a more reliable solution for this problem, because fuel cells have a high availability in spite of being a relatively new technology and they require little or no maintenance.
MULTICRITERIA ANALYSIS
With various applications where fuel cells can be deployed for power generation, it is important to identify applications where the most benefit will be derived. Therefore the identified applications were ranked as shown in the ranking grid -Appendix 1, and a multicriteria analysis has been set up and performed. The ranking grid used for this purpose is a plot of importance of the application versus its quantity.
The level of importance is based prospectively on the relevance to: 1) Shell exploration and production, 2) Shell as a whole (i.e., including non oil producing busineses) and 3) all other applications; indicated on the grid by the colours blue, red and green respectively. The relevance to these three categories of applications is defined by the group of engineers that participated in the brainstorm session and is based on their experience. On the X-axis the quantity of the application is expounded. When an application is ranked on the right side of the grid, it will be applicable on many locations or purposes. It does not say anything about the financial quantity of the application, which means that the quantity on the Xaxis is independent of Capital Expenses (CAPEX) that could be involved in the fuel cell application.
Here only the applications in Quadrant I represent those applications with high volume and high importance to Shell. As one can see in the grid, this means that four applications are taken into account for further research;
1. Flare gas 2. Unmanned facilities 3. Fixed batteries 4. Wellhead power supply For the flare gas application, Shell wishes to use the gas that is currently being flared by some facilities to produce electricity in order to eliminate the gas flaring problem. During the brainstorm all possible criteria that were of any importance to fuel cells in the different applications, were listed and weighted for each application. By multiplying the weight of each criterion by the POS, it became possible to determine the application that is best for fuel cells. A low POS would indicate a low chance that the fuel cell is able to meet the criterion's requirement.
The multi-criteria analysis showed two main, potentially viable applications i.e.: unmanned facilities and wellhead power supply. Although not in Quadrant I, subsea power supply was identified as an application that could lead to significant benefit for Shell, but was however considered to presently too technically challenging to be considered at this early stage. Using flare gas to fuel a fuel cell was considered a non-feasible option as well, because of the non-continuous inflow of fuel gas. An overcapacity of fuel cell stacks would be required in order to be able to always handle the amounts of flare gas emitted. Replacing fixed batteries with small fuel cells was also found not to be of a large interest for surface production facilities, because fuel cells do not start up quickly in general, a requirement which is needed for back-up power systems. Moreover, in general, compressed gas is needed to fuel the fuel cell back-up system, which has a negative effect on the safety of the total facility.
A further study in both main applications; unmanned facilities and wellhead power supply, was therefore performed. This study included the development of a tool that surveys the life cycle costs of the project including the fuel cell system and its impact on the environment.
POTENTIALLY SUITABLE FUEL CELL SYSTEMS FOR SURFACE PRODUCTION FACILITIES.
A preliminary screening of the State of the art of fuel cell systems identified the Solid Oxide Fuel Cells (SOFC), Polymer Exchange Membrane Fuel Cells (PEMFCs), Direct Methanol Fuel Cells (DMFCs) and Molten Carbonate Fuel Cells (MCFCs) as the types most likely to meet the specifications needed for production facilities. The most interesting commercially available system for each fuel cell type are listed next (for more details on the type of fuel cells see (1)).
4-1 Solid Oxide Fuel Cell
A company in the UK is developing low temperature SOFC systems suitable for application in hydrocarbon production facilities. The SOFC system is based on units of 25 kW. It is a low temperature SOFC design operating between 500-600 0 C, therefore an all-metal support can be used, reducing its weight. This lower operational temperature overcomes a number of the issues associated with the higher temperature SOFC designs. The fuel cell is shown to be robust to thermal and redox cycling and capable of delivering technologically relevant power densities. Another importance advantages of the system is that it can operate effectively down to 20% of its full capacity and has a near 100% predicted availability (outside the planned maintenance). System weight and price approach the target specifications.
4-2 Proton Exchange Membrane Fuel Cell
The Dutch company Nedstack in Arnhem has developed a 20 kW fuel cell stack module named the "A-200". There can be as much as 40 PEMFCs placed in series without any complications, yielding an electricity production power of 800 kW. The 20 kW stack has a weight of 56 kg and has operated reliably for over 40,000 hours.
4-3 Direct Methanol Fuel Cell
A German company named Udomi has specialized itself in complete Direct Methanol Fuel Cell systems and the most interesting system that is commercially available is the "Smart Fuel Cell A50-M", which is a portable Direct Methanol Fuel Cell system that produces 50 W and has a separate small methanol tank. The weight of this complete system is 6 kg without fuel cartridge. With its 5 Litre cartridge the fuel cell can operate over 70 hours at full power output.
4-4 Molten Carbonate Fuel Cell
The German company, MTU, together with their American partner, Fuel Cell Energy (FCE), has come up with a promising fuel cell system that is commercially available. The system is called the HotModule and can provide 245 kW. It has its name because all the hot parts of this fuel cell system are accommodated in a single housing, which according to the manufacturer "not only makes parts of the periphery superfluous, but also enables new standards in efficiency to be set." The system is claimed to have an electrical efficiency of approximately 50%. An overview of potentially suitable fuel cell systems is provided in 
CASE STUDY OF ONE OF SHELL'S UNMANNED SURFACE PRODUCTION FACILITIES.
A case study was performed for a particular Shell's surface production facility to study in more detail the feasibility of applying fuel cells, what type of fuel cell system would be most suitable in this particular case and what technical and economic challenges are still to be faced.
5-1 Background of the case study
The production facility is part of a shallow, offshore field, which consists of several platforms of different sizes and capacities. Most of the platforms are satellite platforms and mostly unmanned.
The current power supply, a Copper Turbine Generator (CTG), on this platform delivers 7.2 kW but is obsolete and requires replacement within 2 or 3 years. This power is used for cathodic protection of the steel construction, a Remote Telecom Unit (RTU) and lighting. If the power shuts down, the production of this platform will not be directly affected. Therefore this case has been identified as an opportunity for a fuel cell system trial. The platform is unmanned, but is visited weekly for inspection. The platform has space in a safe area to install a non-certified fuel cell system. This case study was required to identify where the fuel cell should be installed, what fuel gas treatment is necessary and what performance characteristic is expected from the fuel cell system. Other benefits, in addition to cost and reliability, were also investigated. For the general comparison between the gas engine and the fuel cell system, we used a general multi-criteria analysis procedure developed in this work to evaluate the various possibilities for the application of fuel cells. Table 2 shows the seven most important criteria used in this procedure including their weighing factors. Table 4 : Comparison of gas engine and fuel cell system for the case study. Error! Reference source not found. These are listed again in table 3 and given "++" or "+" in case the condition is excellent or good respectively and "-" when the criterion is not fulfilled. This table indicates that normally the fuel cell system is not doing well in the weight/power ratio and euro/power ratio, where the gas engine is scoring better.
Comparison between 20 kW SOFC system and Gas Engine
For the case study application the situation looks different. The scorings are based on preliminary estimates of the SOFC's manufacturer. The scorings of the gas engine are based on a previous investigation carried out on the production facility using a commercially available 25 kW gas engine-driven generator. The third column of Table 4 shows the requirements of the case study field for each criterion. Table 4 an extra criterion is added; the "turn down ratio", which reflects the requirements that the power source must be able to operate at part load. Since the normal power output will be around 7.2 kW and occasional peaks occur up to 20 kW, the power system has to be capable of operating at this lower capacity whilst still able to provide the required peak power. Also future power demand is expected to grow to 20KW on a continous basis. Gas engines tend to rapidly loose efficiency once operating under 60% of their nominal power, but in general this is not the case for fuel cells. The low temp SOFC fuel cell system can operate with almost the same efficiency down to 20% of its nominal capacity. Below 20%, the fuel cell's auxillary power consumption becomes relatively high and the system's efficiency drops quickly. gas, but this system contains a reformer that can reform methane, to hydrogen, in the presence of contaminants such as heavy hydrocarbons and water. The gas from this particular production site does not contain H2S. The availability is scored high as well, which is based on the fact that the low temp SOFC manufacturer expects an availability of over 99.5%. An additional advantage of the fuel cell system is that it produces DC-current. In this application a DC-current is useful, because a large part of the power requirement is for cathodic protection of the structural steel against corrosion. Another well-known advantage of the fuel cell system is that its emissions are lower than for the gas engine. The fuel cell system produces no SOx or NOx emissions and less CO2.
Unmanned facilities

5-2 Lifecycle cost comparison between gas engine and low temp SOFC fuel cell system.
Life cycle costs comparison is often used to screen or evaluate projects and take cognisance of CAPital EEpenses (CAPEX) and also OPerational EXpenses (OPEX) such as overhauls, maintenance, spares, etc.
The lifecycle costs are calculated with the fuel cell screening tool, developed in this work, using the data from the low temp SOFC manufacturer and the owner of the asset used for this case study. The asset owner's data are shown in Table  5 below: Table 5 : CAPEX of a 25 kW gas engine for FAPP-02
The low temp SOFC manufacturer has made estimations for the costs of their 20 kW fuel cell system primarily based on the information about the power requirement and gas composition of the case study asset.
A rough estimation for a lower and an upper boundary of the CAPEX of the fuel cell system as shown in Table 6 are provided by the SOFC manufacturer using a 20 kW power requirement for continuous power and short power output peaks with short response times and the asset's fuel gas composition. The SOFC manufacturer estimates the purchase costs for the low temp SOFC system at between 7.500, -$/kW for the purchase of several units and 50.000$/kW -for a one-off prototype fuel-cell of 20 kW. This estimate includes development costs. This relatively large difference is primarily caused by high development costs to modify the manufacturer's existing products for usage in a hydrocarbon production facility. The range cannot be narrowed down at the moment, because the fuel cell manufacturer does not completely know what to expect during development, but the upper boundary is more likely to happen in case Shell buys 1 or 2 units and the lower boundary for significantly more units. Table 6 : CAPEX estimations for the 20 kW low temp SOFC fuel cell system
5-3 Lifetime of power source:
The asset owner report indicated a gas engine lifetime of 15 years. The fuel cell manufacturer has targeted the fuel cell system at 80.000 hrs (~ nine years) before a major re-fit is required. The manufacturer estimates the cost of a major re-fit as one-third of the initial CAPEX. After 15 years 1 * CAPEX gas engine should be paid again to replace the gas engine. ith a project life of 30 years, the lifecycle costs would be as indicated in Table 7 , below: If ordered in small numbers upper Low turn down ratio, Limitation boundary costs is more likely maintenance intensive to happen and long development time required Table 7 Lifecycle costs of a 25 kW gas engine and 20 kW SOFC compared.
The breakdown of gas engine CAPEX shows that raw materials are a small percentage of the total CAPEX of the gas engines. Therefore the cost difference between 25 kW gas engines and 20 kW is negligible and certainly not as large as it would be for the fuel cell system. It is therefore justified to compare a 25 kW gas engine with a 20 kW fuel cell system. technical challenges would be. By adjusting several parameters it became clear what criteria have an impact on the fuel cell system's performance and design and what parameters have a insignificant impact on the performance, with respect to the relevant criteria The price, size and weight of a 20 kW SOFC-stack is fixed by the manufacturer. To optimise the system for its application other parameters can be adjusted. This sensitivity analysis led to the following conclusions for the low temp SOFC system used for this case study:
Fuel cell stack:
The fuel cell stack of the SOFC-system has a significant influence on the price, size and weight of the material of the fuel cell system. The fuel cell stack determines almost 50% of the material price, size and weight. If one needs twice as much maximum power output capacity, that would mean twice as much fuel cell stacks and almost 150% of the material price, seize and weight of the system.
Load requirements:
Load cycle data are of substantial importance to the system's design. With load cycle data, the manufacturer can determine whether the fuel cell system is required to have a 20 kW fuel cell stack capacity or not and how large the battery pack is required to be. Both battery pack and fuel cell stack have a large impact on size, weight and material costs. As mentioned before, the fuel cell stack can add almost 50% to the material weight, size and costs. The battery pack can include up to 20 % of the material weight, size and costs.
Gas quality:
The platform used for this case study has two gas streams. Both gas streams have different pressures, temperatures and different compositions. It turned out that processing the gas to fuel gas for the SOFC-stack does not require especially different processing facilities for both cases. To bring the gas to the required pressure and temperature will not alter the system design drastically. The composition also does not have a large effect on the system. Heavier hydrocarbons in the gas apart from CH4, and components such as CO2, H2O, O2 and N2 can easily be adjusted to the right concentrations for the system. Thus the gas composition, temperature and pressure do not have a significant impact on the fuel cell systems price, weight, size, design or performance. It can be concluded that the largest cost factor for the fuel cell system is the development and upscaling costs of the prototype. The fuel cell stack and battery pack largely determine weight and size of the power system.
5-5 Case study: conclusions and recommendation
The lifecycle costs of the 20 kW fuel cell system are estimated to be only 15-20% higher than the lifecycle costs of a 25 kW gas engine for for this case study if only one prototype fuel cell system, including the high development costs is bought by Shell. A purchase order for several fuel-cell systems would immediately reduce the cost per system significantly. In general, the estimates on the eight most important criteria of the fuel cell system score higher than the gas engine. These criteria are: power/Euro ratio, availability, tolerance to impurities, applicability in hazardous areas, turn down ratio, safety, power/weight ratio and availability of fuel. In order to make the material cost estimate more accurate, load cycle data are required to make better estimates for the size of the fuel cell stack and battery stack. The technical challenge for this fuel cell system is to develop a system suitable for use in a hydrocarbon processing facility from existing technology. The fuel cell stack has been manufactured and tested already on a 5 kW scale, as well as an autothermal reformer with pre-reforming, but the development of a system suitable for this application with a capacity of 20 kW and other case specific requirements is a technical challenge.
The lifecycle costs are rough estimates. We propose that these estimates should be further refined. The upper and lower estimate boundaries for the CAPEX of the fuel cell system should be narrowed down. If the more accurate estimates show that the fuel cell system's lifecycle costs will not be considerably higher than the gas engine's lifecycle costs, Shell should proceed with this trial.
A closer look at the safety zone requirement issues should be taken in as well. An ATEX-certification means that the certified apparatus can officially be operative in a zone 2 hazardous area. A system that is certified as zone 2 safe cannot ignite any gas mix that might be in the area, so for example all electrical parts have to be sealed extremely well, and the temperature of any exhaust gas stream may not be above a certain temperature level and the fuel gas stream will have a different classification than a methane gas stream, because it contains heavier hydrocarbons (C2-C7) as well.
The fact that the fuel cell system does have lower CO2-emissions and no NOx or SOx-emmisions and provides a DCcurrent which is ideal for cathodic protection applications was not yet expressed in terms of economical benefits but should be taken into account in a further detailed feasibility study.
CONCLUSIONS REFERENCES
Our estimates show that fuel cell systems can become more economically than conventional power supplies if fuel cell systems are produced in larger quantities. In particular, the high availability pays of rapidly in unmanned facilities due to a strong reduction in operational costs. The DC power provided by fuel cells can be an additional advantage when the oil and gas production facilities use cathodic protection for corrosion prevention. 
